Compared to controls, case mothers were more likely to have private insurance and to work outside the home and at night during pregnancy. Cases were more likely to be delivered preterm, but preterm labor was not more common among cases. There was no difference in race/ethnicity of cases compared to controls. Conclusions: Severe FMH is associated with significant morbidity and mortality of the affected neonate. Women with FMH were more likely to work outside the home during pregnancy than women with normal pregnancies. This finding has implications for third-trimester screening of pregnant women who work in strenuous fields.
Introduction
Fetomaternal hemorrhage (FMH) is a poorly understood condition in which fetal whole blood crosses the placenta into the maternal circulation. This is most commonly a silent process in which a woman with a seemingly normal pregnancy does not experience symptoms related to the transfer of fetal blood [1] . The fetus, however, can face significant harm if blood loss is substantial.
Small-volume fetal to maternal blood transfer can be detected following most births. Small-volume blood transfer is problematic only if maternal alloimmunization results [2] . Severe FMH, characterized by large-volume fetal blood loss, is associated with high rates of neonatal morbidity and mortality [1, [3] [4] [5] . The clinical impact of FMH depends on the amount of blood transferred and the time frame over which the hemorrhage occurs [1, 6, 7] . Although recent data indicate that placental inflammation due to infection may be implicated in FMH [8] , the pathophysiology of the condition is poorly understood.
FMH is most commonly diagnosed via the KleihauerBetke acid elution test or flow cytometry [9] . Both tests quantify fetal cells in a maternal blood sample. Retrospective studies in large populations document an incidence of FMH diagnosis of 1-2/10,000 live births [4, 5, 10] . The true incidence of clinically significant FMH is likely to be much higher, however, as FMH testing is underutilized in clinical practice [4, 5, 11] . Currently, testing for FMH after live birth occurs when significant fetal or neonatal anemia is recognized [1, 2, 12, 13] . Symptomatic fetal or neonatal anemia -as evidenced by decreased fetal movement, sinusoidal fetal heart tracing, fetal or neonatal distress, or neonatal pallor -is a late consequence of severe FMH.
A number of risk factors have been suggested as predisposing factors for FMH ( table 1 ) . Of these, placental abruption, abdominal trauma, and the presence of placental tumors carry the most support in retrospective studies and are physiologically plausible. FMH must follow a breach of the trophoblast, and it is not difficult to see how abruption, trauma, or tumor invasion could be associated with fetal blood transfer. These risk factors are not present in the majority of cases of severe FMH, however, and commonly occur without FMH as a notable sequela [1, 5, 6, 10, [14] [15] [16] . No prospective epidemiological study of FMH has been completed in the general pregnant population, and predisposing factors for FMH are unknown in the vast majority of identified cases [1, 2, 15, 16] .
Early recognition of large-volume FMH can significantly reduce morbidity and mortality. Intrauterine transfusions, early operative delivery, and aggressive neonatal transfusion are viable options to prevent tissue hypoxia and end organ damage due to anemia [1, 3, [17] [18] [19] . Universal screening for FMH is not practical due to the cost of laboratory testing. As the clinical and epidemiological risk factors for FMH are unknown, targeted testing cannot be undertaken.
In this study, we investigated the risk factors for FMH using a retrospective case-control approach. We hypothesize that distinct epidemiological and/or early clinical predictors of FMH can be identified. Our goal was to define a subpopulation of pregnant women who could benefit from targeted early screening for FMH and intervention prior to long-term adverse fetal/neonatal events related to severe anemia.
Methods
This is a retrospective case-control study. Case participants were defined as live-birth mother-baby pairs where FMH was diagnosed by Kleihauer-Betke testing during the immediate postpartum period demonstrating 0.1 ml or more of fetal blood in a maternal blood specimen. Cases were identified from a database of clinical information prospectively maintained for all patients admitted to the level I-IV newborn nurseries at our institution, as described previously [4] . Neonates with hematocrit 1 standard deviation (SD) below the mean for gestational age within the first 4 h of life were considered to have congenital anemia. The medical records for these patients were reviewed to identify those with associated FMH. Controls were selected from the general birth population at our institution. They were selected in a 4: 1 ratio to cases by day and hour of birth; controls were the 2 births immediately prior to and immediately following the case subject. Cases and controls were born at our urban quaternary care medical center between January 1, 1988 and December 31, 2010. Medical records from the index pregnancy and perinatal admission were abstracted for a broad range of demographic and clinical information. All di- [5] Twin gestation 1 [14] Umbilical vein anomalies [5, 22] External cephalic version 1 [27] Geographic region of delivery [5] Chorioamnionitis [8] Maternal abdominal trauma [28] Pre-eclampsia Twin gestation 1 [14] Placental tumors [29] agnoses included in the analyses were determined to be present if an attending physician note or problem list in the maternal obstetric or neonatal medical record noted the condition. Maternal diagnoses present during the index pregnancy, maternal procedures performed within 17 weeks of delivery (the lifespan of a fetal reticulocyte in the maternal circulation [20] ), and all neonatal diagnoses and procedures present during the birth hospitalization were included in analyses. Our hospital records included detailed demographic information on factors including age, race, insurance provider, and employment type and status. Correlations were assessed with Spearman's ρ. Bivariable logistic regression was used to obtain odds ratios and 95% confidence intervals (CI) for the association between individual case status and risk factor variables. Multivariable logistic regression was performed, including potential causative factors significant in bivariable analyses. A 2-tailed α level of 0.05 was used for significance. For the calculation of odds ratios involving cells with 0 observations, the 0.5 zero-cell correction was applied [21] . Statistical analyses were conducted using SPSS software, version 22 (IBM, Armonk, N.Y., USA). This study was approved by the Mount Sinai Program for the Protection of Human Subjects.
Results
Of 124,738 eligible mother-baby pairs, 23 (1.8 per 10,000) were diagnosed with FMH. Table 2 shows demographic and clinical information about the pregnancy that was known before the onset of labor or became apparent during labor and delivery. There were no differences in maternal race, age, or maternal hemoglobin or hematocrit prior to delivery between cases and controls. There was no significant difference in either the number of twin pregnancies or the incidence of invasive procedures during pregnancy (including amniocentesis and cephalic version) between cases and controls. Mothers of cases and controls were equally likely to have diabetes during pregnancy, experience physical trauma or vaginal bleeding during pregnancy, or have pre-eclampsia, hypercoagulability, urinary tract infection, placental tumors or chorioamnionitis. There was no difference in the incidence of uterine anomaly, fibroids, or oligohydramnios between cases and controls. The use of drugs or tobacco reported during pregnancy was similar between the two groups. As reported in previous studies of FMH, abnormal fetal heart tracing, specifically sinusoidal fetal heart tracing, and placental abruption were more common in cases than controls (p = 0.005 to p = 0.043). Female gender of the fetus was also weakly associated with FMH (p = 0.045). Cases were more likely than controls to be born via emergent Cesarean delivery and to require resuscitation in the delivery room (p < 0.001). They had lower Apgar scores at 1 and 5 min (p < 0.001). Cases were delivered at an earlier median gestational age than controls: 37.1 (35.0-39.5) versus 39.3 (38.3-40.3) weeks, and were more likely to be delivered preterm (less than 37 weeks' gestational age) than controls (p < 0.001). The median birth weight of cases was therefore lower than that of controls: 2.75 (2.35-3.21) versus 3.42 (3.20-3.67), but small for gestational age birth was not more common among cases.
Mothers of cases were more likely to work during pregnancy (p = 0.036) and to work at night (p = 0.035). As some of the case mothers were night shift medical workers, work specifically in the medical field was evaluated, but this was not a significant predictor of FMH. Private insurance was also associated with a diagnosis of FMH (p = 0.012). Maternal employment status during pregnancy was correlated with the use of private insurance (ρ = 0.7) and with Caucasian ethnicity (ρ = 0.4). Multivariable models adjusting for noncorrelated factors implicated in univariable analyses confirmed a significant association between maternal work during pregnancy and FMH ( table 3 ) . Table 4 shows clinical outcome information for cases and controls pertaining to the neonatal clinical course. As expected based on delivery room characteristics, cases were more likely than controls to be admitted to the neonatal intensive care unit (NICU) as opposed to the level I nursery (p < 0.001). Mean hemoglobin at NICU admission was 7.2 ± 2.8 mg/dl for cases and 16.8 ± 2.4 mg/dl for controls (p < 0.001). Case neonates were significantly more likely to undergo invasive procedures and had more frequent diagnoses of respiratory distress syndrome, hypotension, and persistence of the fetal circulation than controls (p < 0.001 to p = 0.002). Cases were more likely to die in the neonatal period than controls (p = 0.03).
Discussion
Previous attempts to define the epidemiology of FMH have relied on large administrative databases without access to detailed case level clinical and demographic data, have focused exclusively on Rh-women carrying Rh+ fetuses, and/or have focused on infant outcomes rather than prenatal risk factor identification [5, 6, 10, 14] . Additional reports of FMH are limited to case studies and small series, and have not broadened our understanding of predisposing clinical or demographic factors for the majority of cases of FMH [7, 16, 22] . A recent study of placental pathology indicating that placental inflammation may play a role in FMH [8] provides a promising novel lead that deserves further evaluation for clinical significance. We report a case-control study of FMH based on 23 years of experience with FMH at our institution. Our population demonstrated an incidence of FMH consistent with previous large population-based studies [5, 10] . Although based on a modest number of cases of FMH, this study clarifies previously noted associations between FMH and race and socioeconomic status [5] . Specifically, at our institution, where a racially diverse patient population is cared for by a single neonatology group, we found no evidence of an association between race and FMH. We did, however, find statistically significant associations between FMH and the correlated factors of maternal employment and private insurance. The effect size for this association was strongest in multivariable analysis adjusted for preterm delivery and gender of the fetus. Although the association between night shift work and FMH was not significant in the multivariable analysis, this may be related to the small number of night shift workers examined in this study. In aggregate, our findings raise the possibility that strenuous work during pregnancy may be a risk factor for FMH. Previous studies of FMH have shown that abdominal trauma, a rare event during pregnancy, is associated with FMH. It is possible that, in some situations, women who undertake physically demanding work during pregnancy may be at risk for FMH by a similar mechanism.
Previous studies of FMH have not considered employment status or employment hours in analyses. Maternal employment status may have been an unmeasured confounder in previous studies of FMH. Although maternal work history is not often recorded in administrative databases, we had access to this information in our chart abstraction. In contrast, race and insurance payer, which are correlated with each other and with employment status, are often recorded in administrative databases such as those used in previous population-based studies of FMH. If private insurance status served as a marker of maternal employment rather than as a marker of socioeconomic status broadly, the previously noted association between socioeconomic status and FMH may represent misclassification of an actual association between maternal work history and FMH. In our study, we had access to specific information on maternal employment, 3 (13) 1 (1.1) 0.03* Data are presented as n (%) or means ± SD, as appropriate, unless otherwise indicated. * p < 0.05, statistically significant. 1 Causes of death for cases were cerebral herniation, pulmonary hypertension, and cardiopulmonary arrest; cause of death for the control was inborn error of metabolism. and could separate women who worked during pregnancy from those who were homemakers, students, or unemployed but nonetheless covered by private insurance.
Our study also addressed the role of race and ethnicity in FMH. Our institution has a diverse patient mix; our study population was 40% Black or Hispanic. All patients admitted to our institution's NICU are cared for by the same physician group with uniform diagnostic and practice guidelines regardless of race or health insurance status. In this environment, the previously seen association between race and FMH was not significant. This supports our hypothesis that previously seen associations between race and FMH in population-based studies relying on administrative data were related to access to care and geographic practice patterns rather than to biology [5] .
Our study also clarifies a previously documented association between preterm birth and FMH [5] . As we found no association between preterm labor and FMH, we suggest that preterm birth in our case population may have been a consequence of FMH in which fetal distress prompted early delivery. This is in contrast to a possible association between spontaneous preterm birth and FMH.
As a single-center retrospective study, our analyses have certain limitations. The absolute number of FMH cases seen was small, so some analyses were underpowered. Although racially and socioeconomically diverse, our urban patient population may not be fully representative of other patient populations. As in most published studies of FMH, the diagnosis of FMH in our study relied on a clinical diagnosis made in real time. As demonstrated in table 4 , our cases therefore represent the more severe, more clinically significant end of the FMH spectrum. Further prospective study is needed to evaluate the risk factors we propose in the broad population of pregnancies impacted by FMH.
Conclusion
We found a significant association between a mother's work history during pregnancy and the diagnosis of clinically significant FMH in the perinatal period. If supported in larger studies, this finding would have important ramifications regarding both the limitations of strenuous work during pregnancy and targeted screening for FMH among working women. Since the cost of life-long care for survivors of severe FMH is high, a laboratory screening strategy based on work history may be both feasible and cost-effective. As severe FMH is a rare condition, either a large multicenter prospective study or an international registry of cases may be needed to fully evaluate the associations proposed in the present study. Although there is no doubt that the majority of women can work safely during pregnancy, increased awareness of the possibility of FMH among women with demanding work schedules, particularly those involving night shifts, could aid early diagnosis by targeted prenatal FMH testing and early intervention to avoid significant fetal/neonatal morbidity and mortality in those cases where FMH occurs.
